The energy absorption of the wave energy converters (WEC) characterized by a limited stroke length -like the point absorbers developed at Uppsala University-depends on the sea level variation at the deployment site. In coastal areas characterized by high tidal ranges, the daily energy production of the generators is not optimal. The study presented in this paper quantifies the effects of the changing sea level at the Wave Hub test site, located at the south-west coast of England. This area is strongly affected by tides: the tidal height calculated as the difference between the Mean High Water Spring and the Mean Low Water Spring in 2014 was about 6.6 m. The results are obtained from a hydro-mechanic model that analyzes the behaviour of the point absorber at the Wave Hub, taking into account the sea state occurrence scatter diagram and the tidal time series at the site. It turns out that the impact of the tide decreases the energy absorption by 53%. For this reason, the need for a tidal compensation system to be included in the design of the WEC becomes compelling. The economic advantages are evaluated for different scenarios: the economic analysis proposed within the paper allows an educated guess to be made on the profits. The alternative of extending the stroke length of the WEC is investigated, and the gain in energy absorption is estimated.
Introduction
The linear generators developed by Uppsala University since 2002 (when the Lysekil research project started) aim to convert the kinematic and potential energy of ocean waves into electricity [1] . In particular, the wave energy converter (WEC) consists of a buoy floating on the water surface and vertically driving the linear generator at the sea floor (see illustration in Figure 1 ).
Sea water level variations due to tides, changes in barometric pressure, storms, etc. affect the tension in the connection line and the distance between the buoy and the sea floor. For example, during a significant low tide, the connection line is slack and the translator rests on the bottom of the generator; while during a significant high tide, the translator continuously hits the upper end-stop, which results in additional stresses on the hull of the generator and in a reduced stroke of the translator itself. In both cases, the energy absorption decreases drastically, together with the lifetime and survivability of the WEC. The solution to this issue for the Uppsala WEC has been investigated [2] . However, the same problem is also experienced by other wave energy technologies, such as oscillating water columns as described in [3, 4] , and in more general terms by WECs which have a part that is fixed in position relative to the seabed and a part that moves with the waves. Well-known point absorbers, such as Carnergie CETO [5] , Ocean Power Technologies (OPT) Powerbuoy [6] , and Archimedes Wave Swing [7] are challenged by the presence of tides, either because of a limited stroke length or because of the exponential decrease in available energy with depth. For this reason, the dependency of the Figure 1 . Illustration of the Uppsala wave energy converter (WEC). The linear generator at the seabed is connected via a steel wire to a so-called donut shaped buoy. Note that the buoy used for the analysis conducted in this study is cylindrical.
One of the most interesting locations we could choose to carry out this study is definitely the Wave Hub research site: it is considered the largest grid-connected offshore site in the world available for the development and test of renewable energy technologies [8] . The west coast of the UK is characterized by tides having high range; hence, the area is suitable for many marine current technologies, but could discourage wave energy technologies.
The goal of this study is to quantify the negative effect of the tide at the Wave Hub site for point absorbers with limited stroke length, like the Uppsala wave energy converter.
Method
This chapter will present the wave climate and tides at the Wave Hub site, describe the hydro-mechanic and economic models developed to estimate the energy absorption and the economic profits, and illustrate the main features of the simulated point absorber.
Sea Level Variation at the Wave Hub
The Wave Hub, located off the coast of Cornwall and characterized by a water depth of 50 m, is the largest and most technically advanced site in the world for offshore renewable energy development: it offers companies and institutions engaged with clean energy projects the opportunity to deploy and to plug their prototypes in to the grid. Consequently, the Wave Hub is a site of interest for many offshore technology developers, including Uppsala University.
The characteristic wave climate of the south-west coast of England is thoroughly described in [9] , which presents the wave resource assessment for the Wave Hub based on a 23-year period dataset, obtained by using a high-resolution regional Simulating WAves Nearshore (SWAN) model fed with reanalysis wave and wind data from larger ocean models. The wave climate scatter plot, which shows the occurrence of different combinations of significant wave height, H s , and energy periods, T e , is presented in Figure 11 of [9] . A condensed diagram is extracted and shown here in Table 1 . The diagram is obtained by aggregating the occurrences plotted in the original figure around the nodes of a condensed matrix (H s , T e ). Then, the combinations (H s , T e ) with an occurrence greater than 3% are selected, and the new matrix is normalized in order to get a cumulated occurrence of 100%. The average significant wave height and the energy period, calculated from the spectral moments m 0 and m −1 , over 23 years of data was found to be 2 m and 7 s, respectively [9] . The water level variations due to tides on the west coast of Great Britain are among the highest in the world. Figure 2 shows the tidal levels during the first five days of 2014 with a temporal resolution of 1 h at Newlyn Tidal Observatory, about 22 km south of the Wave Hub. The maximum yearly variation was registered to be 6.6 m, and the tidal cycle followed a semidiurnal trend, meaning that two tidal cycles occur per day. 
Hydro-Mechanic Model
The hydro-mechanic model used to describe the behavior of the WEC couples the buoy hydrodynamic equation of motion with the generator electro-mechanical equation, expressed by Equations (1) and (2), respectively. The buoy is assumed to move in heave only.
where m b and m t are the buoy and the translator masses,ÿ andẍ are the buoy and translator accelerations, F e and F r are the excitation and radiation forces, F h is the restoring force, F gb and F gt are the gravity forces due to the buoy and translator masses, F b is the buoyancy force, F w is the connection line force between the buoy and the translator, F d is the damping force, and F es is the end-stop force. These equations are thoroughly explained among others in [11, 12] . The description of F w , F es , and F d is given below. The connection line is modeled as a damped single harmonic oscillator:
where k w is the spring constant and d w is the damping coefficient of the wire. The end-stop force is the sum of the contributions of the upper end-stop, the lower end-stop (both modeled as springs), and the upper wall of the WEC capsule. The force exerted by the hull of the WEC is modeled as a stiff damped single harmonic oscillator, which the translator hits when the deformations on the upper end-stop spring become irreversible.
The damping of the generator is defined as:
where the damping factor γ will be considered constant in the study discussed within this paper. The Bretschneider spectrum is chosen to generate a time series of polychromatic waves [11] . The parameters used to generate these series are the significant wave height and the energy period:
where ω is the frequency in radians per second, and ω m is the modal frequency, a function of T e .
The output of the model is illustrated in Figure 3 , which shows the displacement of the buoy and the translator, driven by the waves.
When the sea level increases, the motion of the translator is limited by the upper end-stop ( Figure 3b) ; hence, less power will be absorbed by the WEC. When the tide is low enough, the translator rests completely on the lower end-stop. 
Wave Energy Converter Design
The wave energy converters of latest generation use toroidal floaters, but if a compensation system such as the one suggested in [13] is to be included in the future design of WECs, the buoy will most likely be cylindrical in order to facilitate the installation of the system. For this reason, the simulations are carried out using the hydrodynamic parameters calculated by the software WAMIT (WAMIT Inc., Chestnut Hill, MA, USA) for a cylindrical buoy. This buoy is characterized by a radius of 3 m and a draft of 0.6 m. The generator is placed at 50 m depth, and it is characterized by a stroke length of the translator equal to 2.46 m. The weight of all the moving parts -excluding the buoy-accounts for 10 tonnes.
Note that the compensation system investigated in [13] consists of a winch that adjusts the length of the connection line via a chain moving on a pocket wheel; however, other mechanical solutions could be adopted.
The energy absorption of the WEC depends on the damping factor, γ: given the speed of the translatorẋ, the power absorption is P = γẋ 2 . The speedẋ is continuously changing during the operation of the WEC, and a real-time control of the damping factor should be considered, as recommended in [14] . To date, a power electronic system that achieves this control has yet to be implemented in the Uppsala wave energy converters. In order to speed up the simulations, γ is kept constant during the duration of the simulation, as in Figure 3 . Even though the value of the damping coefficient is not optimized here for each wave, a partial optimization has been done for each combination of significant wave height and energy period, as the scatter diagram of Figure 4 shows. In order to calculate the optimum damping factor, γ * , the integration of P(γ) over a year is performed for different values of γ, and the value γ * that gives the best energy absorption for a certain wave climate is plotted in the scatter diagram of Figure 4 . Similar calculations have been performed in [15] . The dots marked on the scatter diagram correspond to the most interesting combinations of H s and T e for the Wave Hub site in terms of wave climate occurrence: 73% of the occurrences fall within the black polygon. The results presented in Section 3 will be based on these specific combinations. 
Economic Analysis
A way of increasing the survivability and energy absorption of the WEC is to include in its design a compensation system for sea level variation. This system reduces the extreme forces on the generator and optimizes the stroke of the translator. However, the system involves a cost due to investment and maintenance that the economic analysis aims to evaluate.
In order for the compensation system to be profitable, the net present value (NPV) defined by Equation (6) has to be positive or at least equal to zero.
where C i is the cash flow at year i and r d is the discount rate. This financial indicator helps to calculate the profit of implementing the compensation system in the WEC design, based on the surplus of energy produced and sold to the grid during the 20 year lifetime of the point absorber. The result depends on the surplus of MWh/y produced, but also on the cost of electricity and the discount rate selected, so different scenarios are presented. In particular, the annual energy is set in the range from 0 to 60 MWh; the wholesale energy cost with and without feed-in tariffs are assumed to be 0.25 and 0.05 e/kWh, respectively [16] ; the discount rate for marine energy projects is presumed to range from 8% to 15% [17].
Results

Energy Absorption Losses
The hydro-mechanic model presented in Section 2.2 is used to calculate annual energy absorption of the WEC at the Wave Hub. In order to do this, intermediate steps are taken.
First, the behavior of the WEC is simulated for each wave climate combination presented in Table 1 . The input damping coefficient for each (H s , T e ) is chosen from Figure 4 , where the selected combinations are marked with a circle within the black polygon.
Second, the annual energy absorption is calculated as a function of different sea levels, and the bell-shaped curves in Figure 5 are obtained. The same results (in percentage units) are presented in Figure 6 . The wave climate combinations chosen for this figure are the ones marked with a filled circle in Figure 4 . Third, the information contained in Table 1 and Figure 5 are combined with the tidal time series shown in Figure 2 . The result is the annual energy absorption of the WEC, a function of the different wave climate occurrences and effective sea level variations during the year 2014.
The energy absorption is calculated to be 46 MWh/y without a compensation system included in the WEC design, and 97 MWh/y in the case where the sea level variations would be compensated for. This means that the WEC would produce 53% more energy if equipped with a compensation system.
A sensitivity analysis has been carried out to evaluate how the energy loss varies if the scatter diagram in Table 1 is used, or if just the average significant wave climate calculated over 23 years is considered; i.e., if just one combination of H s and T e is chosen for the year 2014. The difference in energy loss is about 0.5%: using the significant wave climate instead of the condensed scatter diagram overestimates the energy absorption by approximately 1 MWh/y.
Varying the Stroke Length
As mentioned in Section 2.3, the stroke length of the present generation WEC is about 2.46 m. A way to increase the energy absorption by mitigating the tidal effect is to increase the size of the generator. Figure 7 shows how the energy absorption changes if the stroke length of the translator is increased from 2.5 to 4 m. The simulations are referred to the average significant wave climate (2 m, 7 s). For stroke lengths of 2.5 m, 2.7 m, 3 m, 3.4 m, and 4 m, the energy loss at the Wave Hub would be 53.1%, 48.4%, 42.6%, 35.1%, and 24.5%, respectively, suggesting a linear dependence of the energy absorption on increasing stroke lengths. The linear relation between the energy loss, E loss (%), and the stroke length, l s (m), is calculated to be E loss = −18.6 l s + 98.5.
(7) Figure 7 . Energy absorption of the WEC in percentage for changing stroke lengths.
Economic Profit
The case study presented here shows that the energy that would have been produced at the Wave Hub with a compensation system during 2014 is about 97 MWh, instead of the 46 MWh that the WEC would have produced without it. The resulting 51 MWh difference is used as the input of the analysis to calculate what the corresponding profit would have been. As mentioned in Section 2.4, the profit depends on the discount rate and cost of electricity chosen, and some scenarios are considered and plotted in Figure 8 . The graph presents the profit as a function of different surplus of energy absorbed by the WEC thanks to the compensation system. The economic benefit of the system increases if a feed-in tariff is added to the wholesale cost of electricity, and for decreasing discount rates. Let us assume that the efficiency of the WEC is 80%, i.e., the energy that could be sold to the grid is about 40.8 MWh/y, that a feed-in tariff of 0.2 e/kWh is added to the electricity price, and that the discount rate is 10%. The benefit over 20 years would be 85,000 e. If the investment (including manufacturing, operation, and maintenance costs) is assumed to be about 12,000 e, then the pay-back time would be 3 years, and the total profit 73,000 e. This is just an example of how the graph in Figure 8 should be used, and it helps to make an educated guess of the profit.
Discussion
The energy absorption of the wave energy converters developed at Uppsala University, as well as of other WEC technologies, depends on the sea level variation at the deployment site. With reference to the present generation WECs designed by the researchers at Uppsala, estimations of energy absorption and losses due to the tidal effect are made in Section 3 and commented on here. Figure 5 shows how much the tidal level influences the annual energy absorption of the point absorber for different wave climates. The combinations of H s and T e chosen to carry out the estimation are the most recurrent at the Wave Hub site, and the annual energy spans from 30 MWh/y for low energy waves to 250 MWh/y for the most powerful sea states. As the significant wave height increases, the energy available at sea (and hence, the energy absorbed by the WEC) increases. Moreover, for the combinations (H s , T e ) considered in Figure 5 , the energy absorption decreases for increasing T e , due to the steepness of the waves: the higher T e , the lower the wave steepness, and the slower the translator. Furthermore, given the symmetry of the end-stops and the fact that the connection line is never slack thanks to the high weight of the translator, a symmetry in the energy absorption with respect to high and low tides is obtained. Figure 6 presents the same results of Figure 5 but in units of percentage, and for a selection of H s and T e combinations for ease of graphical representation. The energy absorption for low significant wave heights presents a plateau at low tidal levels; e.g., for H s = 1 m, the energy is constant along the first ±1 m of tide, and then rapidly drops to almost zero. For increasing H s , the plateau becomes less and less evident, and the steepness of the bell-shaped curves decreases, suggesting a lower sensibility of the energy absorption with tidal level variation.
The sea level time series at Newlyn (a station close to the Wave Hub) during 2014 was registered to range from +3.4 to −3.2 m. Using the hourly time series (Figure 2 ), the energy absorption curves ( Figure 5 ), and the wave climate scatter diagram (Table 1 ), the energy absorption of the WEC is calculated. During 2014, the energy that would have been produced is just 46 MWh. Including a compensation system in the WEC design would have increased the production to 97 MWh. This means that the energy loss accounts for approximately 53% during 2014, and a similar result is expected for the previous and following years, given the regular pattern of the tides on an annual time scale. Moreover, the same energy loss value is obtained when considering just the combination H s = 2 m and T e = 7 m for the whole year and the condensed scatter diagram. Probably, the use of a more detailed scatter diagram for the simulations would not have changed this result significantly either.
In order to mitigate the negative effect of sea level variations on the energy absorption of the WEC, the first intuitive solution would be to increase the stroke length, l s , of the translator. Figure 7 shows that extending l s from 2.5 to 4 m would increase the energy absorption up to 67% if the tide were in the range ±1.5 m. If l s were increased just from 2.5 to 3.4 m, and a tide of amplitude 1 m ware considered, then the energy absorption would increase by 46%. This means that for relatively small tides, designing a generator with a longer stroke length could be considered as a solution. For higher sea level variations, like those at the Wave Hub, extending the l s would result in a linearly increasing energy absorption, but also in having the buoy submerged or freely floating for several hours every day. In other words, the energy absorption would not be optimized, and the translator would be hitting the upper end-stop anyway, causing high stresses on the hull of the generator. A different solution should be adopted for the Wave Hub site: the connection line should be adjusted during the tidal cycle to keep the translator moving with the waves.
In order to obtain the results presented in this paper, some simplifications were made and are here discussed. First, the hydrodynamic model is based on the linear wave theory, which loses its validity in the case of wave run-up and for breaking waves. In order to take these aspects into consideration, a different and less computationally-expensive model should be used. This would also allow the simulation of a varying damping factor in Equation (4) to better reflect reality. Second, the wave climate at the site was reduced to a condensed scatter diagram, which may introduce an error due to the fact that the generator performs rather well for the most common wave climates or vice versa. The decision to use a condensed scatter diagram comes from the necessity of speeding up the simulations. Third, the economic analysis is useful to make an estimation of the budget that a potential wave energy developer can count on. Of course, a more accurate estimation of the net profit of installing a compensation system can be obtained once more information about manufacturing, operational, and maintenance costs is available.
Conclusions
The study presented in this paper aimed to quantify the effect of sea level variations on the energy absorption of one WEC; in particular, the point absorber developed at Uppsala University. A hydro-mechanic model was used to simulate the average power absorbed by the WEC for different wave climates, after optimizing the damping factor for each of them. The tides and the wave climate at the Wave Hub test site were selected as input parameters to the simulations. This case study was chosen because it is an interesting location for many wave power developers, and it is significantly affected by the tides.
The results show that the energy loss at the site would have been 53% in 2014. Most likely, a very similar result would be obtained for previous and future years. The absolute values of energy absorption are presented, but they depend on the features of the WEC that have been simulated. The design of the WEC could change and improve in the near future; hence, the focus should shift to values expressed in percentage.
A feature that could be modified is the stroke length of the translator. For this reason, the positive effect of longer strokes is calculated. Even though the tidal effect can be highly mitigated, the costs, the manufacturing challenges, and the limited benefit could discourage the consideration of this strategy as the only solution.
The economic analysis shows that the investment cost of a tidal compensation system for the Wave Hub site could be very interesting to consider. However, more specific information on discount rate, operation and maintenance costs, and feed-in tariffs should be given to obtain a quantitative result on the net profits.
In order for the technology developed by Uppsala University to be utilized in critical areas such as like the Wave Hub site, a solution to maximize the energy absorption and to minimize the mechanical stresses on the generators should be investigated. Once the solution is found, the point absorbers will be ready to be deployed at any coastal site.
